Rare earth oxides (REOs) are increasingly used in products such as magnets, catalysis, electronics, mechanics and fuel additives (*e.g.*, CeO~2~) because of their unique optical, electronic and magnetic properties.^[@ref1],[@ref2]^ Not only has this resulted in increased worker exposure, but there has also been a worldwide increase in rare earth (RE) mining activities as a result of Chinese restrictions on the export of these strategically important materials. Moreover, REOs are also being used incrementally as nanoparticles for biological applications such as biosensors, luminescence probes and Gadolinium (Gd)-based MRI contrast agents.^[@ref3]−[@ref6]^ Thus, biological use as well as incidental human exposure has generated the possibility for increased adverse health effects. Not only is there literature showing pneumoconiosis (lung fibrosis) in polishers and RE mining workers,^[@ref7]^ but it is known that administration of Gd-based MRI agents can induce systemic fibrosis in patients with renal impairment, a.k.a., nephrogenic systemic fibrosis (NSF).^[@ref8]^

In spite of the well-documented adverse health effects induced by RE materials, the detailed mechanism of how RE materials induce these pathological changes is unclear, especially the structure--activity relationships that explain the mechanism of how the unique physicochemical properties of REOs relate to biological injury responses. REOs are known to be more soluble under acidic conditions^[@ref9]^ and RE ions (III) have high binding affinity to phosphate groups.^[@ref10]^ Recent studies have shown that La~2~O~3~ and Yb~2~O~3~ nanoparticles could transform to needle-like LaPO~4~ nanoclusters in cucumber roots.^[@ref11],[@ref12]^ However, it is not clear whether a similar transformation takes place in mammalian tissues, and whether similar processes take place in the lung of workers exposed to REOs. We do know, however, that RE elements that lead to pneumoconiosis are taken up into the lysosomal compartment of macrophages.^[@ref13]^ Macrophage uptake of Gd can also be observed at the systemic sites of collagen deposition in patients with MRI contrast agent induced NSF.^[@ref14]^ Interestingly, Gd-based compounds have also been shown to induce NLRP3 dependent IL-1β production,^[@ref14]^ fibrocyte differentiation and collagen production in a NSF setting.^[@ref15]−[@ref17]^ In addition, it is also shown that the NLRP3 inflammasome is a major cellular source for IL-1β production and contributes to pulmonary fibrosis.^[@ref18],[@ref19]^ While a number of studies have shown that long aspect ratio (LAR) nanomaterials such as CeO~2~ nanorods,^[@ref20]^ carbon nanotubes^[@ref21]^ and TiO~2~ nanobelts^[@ref22]^ can promote pulmonary fibrosis through NLRP3 inflammasome activation, it is not known how REOs trigger this pathway.

On the basis of the above background, we hypothesized that REOs may undergo biological transformation in an acidic lysosomal compartment to initiate a series of biological responses that trigger lung fibrosis. To test this hypothesis, we established a library of 10 commercial REOs, which were studied in phagolysosomal simulated fluid (pH 4.5) as well as in the lysosomal compartment of macrophages. We observed a pH dependent biological transformation process that results in phosphate deposition on the particle surface and stripping of phosphate groups from the lysosomal membrane lipids. This triggers NLRP3 inflammasome activation and sets in motion a series of events that culminate in pulmonary fibrosis in mice. We also demonstrated that incubation of REO nanoparticles with phosphates in a neutral pH environment passivates the particle surface, thereby preventing lysosomal damage and pulmonary fibrosis.

Results and Discussion {#sec2}
======================

Abiotic Transformation of REO Nanoparticles in Phagolysosomal Simulated Fluid (PSF) {#sec2.1}
-----------------------------------------------------------------------------------

Among the 17 RE elements in the periodic table, 10 commercially available REO nanoparticles (Y~2~O~3~, La~2~O~3~, CeO~2~, Nd~2~O~3~, Sm~2~O~3~, Eu~2~O~3~, Gd~2~O~3~, Dy~2~O~3~, Er~2~O~3~, and Yb~2~O~3~) were selected for extensive physicochemical characterization. Most nanoparticles had primary sizes of 18--60 nm, except for Nd~2~O~3~, Sm~2~O~3~ and Er~2~O~3~, which ranged from 100 to 140 nm. In aqueous media, most nanoparticles formed aggregates with hydrodynamic diameters of 300--800 nm, except Y~2~O~3~, which formed particles of 1346 nm in water ([Table S1](#notes-1){ref-type="notes"}). In addition, the majority of REOs had isoelectric points of 6.4--8.4, with the zeta potentials ranging from −20 to 20 mV at pH 7.4. In contrast, La~2~O~3~ and Y~2~O~3~ exhibited isoelectric points of 9.4 and 9.6 with zeta potentials of 54.3 and 42.7 mV, respectively ([Table S2](#notes-1){ref-type="notes"}). Because REOs are known to be more soluble under acidic conditions,^[@ref9]^ and are taken up into macrophage lysosomes in the lungs of exposed workers,^[@ref13]^ we compared the behavior of the nanoparticles in PSF *versus* their behavior in water. Interestingly, all REO nanoparticles, except for CeO~2~, underwent a significant morphological transformation in PSF as determined by transmission electron microscopy (TEM) ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A and [S1A](#notes-1){ref-type="notes"}) and elemental analysis ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C). Noteworthy, the transformation of the light lanthanide nanoparticles (La~2~O~3~, Nd~2~O~3~, Sm~2~O~3~, Eu~2~O~3~, and Gd~2~O~3~) led to the formation of "sea urchin" shaped structures, which displayed needle-like protrusions ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A), while PSF exposure of the heavy lanthanide NPs (Dy~2~O~3~, Er~2~O~3~, and Yb~2~O~3~), along with Y~2~O~3~, resulted in structures composed of a network of disordered mesh-like nanowires ([Figure S1A](#notes-1){ref-type="notes"}). Such morphological changes were not seen for control nanoparticles (Bi~2~O~3~ and TiO~2~) exposed to PSF ([Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A and [S1A](#notes-1){ref-type="notes"}).

![Morphological change and transformation of REOs in PSF. (A) Morphological analysis of REOs after PSF exposure. Nanoparticles were suspended in H~2~O or PSF at 50 μg/mL and incubated at 37 °C for 24 h. After washing in H~2~O, the morphological changes in the REO nanoparticles were observed under TEM. (B) Dynamic monitoring of the transformation process of La~2~O~3~ nanoparticles suspended in PSF at 50 μg/mL for 0, 0.25, 0.5, 1, or 24 h, before washing and analysis by XRD or TEM (scale bar, 100 nm). (C) Molar ratios of phosphorus and metal elements determined by ICP-OES for nanoparticles treated in PSF for 24 h.](nn-2013-06166n_0001){#fig1}

To understand in more detail the nature of the REO transformation process in PSF, time-dependent X-ray powder diffraction (XRD) and TEM analyses were performed on La~2~O~3~ nanoparticles exposed to PSF ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B). XRD analysis showed lanthanum hydroxide (La(OH)~3~) and lanthanum oxide carbonate (La~2~O~2~--CO~3~) to be the principle phases of the purchased material, which is consistent with observations that RE sesquioxides readily react with ambient water and/or carbon dioxide to form hydroxides and carbonates.^[@ref23]^ However, when placed in PSF, a dynamic transformation takes place during which new LaPO~4~ peaks can be seen within 15 min, culminating in complete transformation within ∼24 h ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B). To determine whether La(OH)~3~ and La~2~O~3~--CO~3~ contributed to this transformation, we performed calcination at 825 °C to obtain pure La~2~O~3~, prior to PSF exposure, and found a similar transformation as for La~2~O~2~--CO~3~ and La(OH)~3~ ([Figure S1B](#notes-1){ref-type="notes"}). This shows that the impurities have an insignificant effect on the outcome. TEM analysis identified three stages of the transformation process: whisker formation, whisker growth, and ultimately transformation to urchin-shaped structures. XRD peak positions ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B) match well to the hexagonal rhabdophane polymorph of lanthanide orthophosphate with space group symmetry *P*6222 (PDF\#00-046-1439).^[@ref24]^

To date, lanthanide orthophosphates with nanowire-like structures have been synthesized almost exclusively by hydrothermal methods.^[@ref25],[@ref26]^ The low temperature transformation process we report here relies on the greatly enhanced solubility of REOs (oxides, hydroxides, and carbonates) under acidic biological conditions as well as the extreme insolubility of lanthanide phosphates compared to oxides (*K*~D~*=* −25 to −27)^10^ ([Figure S1C](#notes-1){ref-type="notes"}). This suggests that the transformation is dependent on rapid La~2~O~3~ dissolution, leading to the release of La^3+^ and subsequent complexation with PO~4~^3-^. This was confirmed by similar transformations observed in a simple sodium phosphate buffer at pH 4.5 ([Figure S1B](#notes-1){ref-type="notes"}). Unlike hydrothermal studies to date,^[@ref25]^ transformation of light lanthanides resulted in sea urchin-like nanostructures with high aspect nanowires emanating from a spherical core ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A) as opposed to nanowires, and transformation of heavy lanthanide oxides and yttrium oxide resulted in weakly crystalline nanowire meshes (with P/RE ratios ranging from ∼10--80%, [Figure S1A,C](#notes-1){ref-type="notes"}) as compared to tetragonal nanoparticles.^[@ref25]^ To date, similar morphological changes have only been shown for limited REO nanoparticles including La~2~O~3~ and Yb~2~O~3~ in cucumbers.^[@ref11],[@ref12]^ Unlike other REO nanoparticles, CeO~2~ remains substantially nontransformed ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A). The reason is that CeO~2~ exhibits a higher *K*~sp~ (10^--53^) in water than other REOs (*K*~sp~, 10^--21^),^[@ref27]^ and is highly insoluble at both pH 7 and 4.5 ([Figure S1C](#notes-1){ref-type="notes"}). This further supports our proposed mechanism of the transformation process.

Biotic Transformation of REOs Leading to NLRP3 Inflammasome Activation in Macrophages {#sec2.2}
-------------------------------------------------------------------------------------

Because respirable RE dust can lead to chronic lung disease through targeting of macrophages, we investigated whether engineered REO nanoparticles would undergo biotransformation in THP-1 cells, a myeloid cell line that is often used as an *in vitro* model for studying the effects of engineered nanoparticles on phagocytic cells.^[@ref13],[@ref28]^ In particular, THP-1 cells have been proven helpful to study the pro-inflammatory and pro-fibrotic effects of LAR nanomaterials such as multiwalled carbon nanotubes (MWCNTs).^[@ref21],[@ref29]^ Using confocal microscopy to study uptake of fluorescein isothiocyanate (FITC)-labeled La~2~O~3~ and Gd~2~O~3~ nanoparticles, we found that most of the labeled nanoparticles colocalized with an Alexa fluor 594-labeled LAMP1-positive compartment with coefficients of colocalization ranging from 66 to 91% by Image J analysis ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A and [S2A](#notes-1){ref-type="notes"}). This shows that REO nanoparticles localize in lysosomes of THP-1 cells. TEM data confirmed La~2~O~3~ transformation into urchin-shaped structures in a vesicular THP-1 compartment ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A). Energy dispersive X-ray (EDX) analysis confirmed the presence of phosphorus peaks in these phagocytized La~2~O~3~ nanoparticles, suggesting that a particle taken up into an acidifying intracellular compartment undergoes dissolution and phosphate complexation. Gd~2~O~3~, Eu~2~O~3~, Sm~2~O~3~ and Nd~2~O~3~ nanoparticles also exhibited similar surface changes after cellular uptake in THP-1 cells, while the control TiO~2~ nanoparticles did not reveal similar changes ([Figure S2B](#notes-1){ref-type="notes"}).

![Cellular uptake, biotransformation, and the pro-inflammatory effects of REOs in THP-1 cells. (A) Particle uptake in THP-1 cells was determined by confocal microscopy and TEM. For confocal studies, the cells were incubated with 12.5 μg/mL FITC-labeled particles for 12 h, before washing and staining with Hoechst 33342 dye (blue) and Alexa fluor 594-labeled LAMP1 antibody to identify nuclei and lysosomes, respectively. EDX was used to characterize the cellular particle transformation. An asterisk in the EDX spectra represents background elements. (B) Lysosomal damage, cathepsin B release and IL-1β production after THP-1 cells were treated with 50 μg/mL nanoparticles for 6 h. The cells were stained with Magic Red and visualized by confocal microscopy. IL-1β production was assessed 24 h after treatment with 50 μg/mL nanoparticles. \**p* \< 0.05 compared to untreated THP-1 cells.](nn-2013-06166n_0002){#fig2}

To understand the biological impact of REO transformation in the lysosomal compartment, we asked whether there is any effect on lysosomal function, which represents a target for LAR injury in the lung.^[@ref20]^ Confocal microscopy was used to study the subcellular localization of cathepsin B, a lysosomal enzyme capable of cleaving a Magic Red-labeled substrate.^[@ref21]^ As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B, untreated cells showed a punctate distribution of Magic Red, indicating that the enzyme is contained in intact lysosomes. However, after lysosomal damage by monosodium urate (MSU) (used as a positive control), there was a diffuse cytosolic release of the fluorescence marker.^[@ref21]^ Similarly, Dy~2~O~3~, Gd~2~O~3~, La~2~O~3~, and Nd~2~O~3~ nanoparticles induced cathepsin B release, while CeO~2~ and TiO~2~ nanoparticles were not associated with lysosomal damage ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B). Since cathepsin B is known to contribute to the activation of the NLRP3 inflammasome and IL-1β production,^[@ref30],[@ref31]^ which is implicated in chronic lung inflammation and fibrosis by MWCNTs,^[@ref19],[@ref32],[@ref33]^ we assessed IL-1β release to the supernatant of REO-exposed THP-1 cells. This showed that all REOs, with the exception of CeO~2~ and non-REO nanoparticles (see below), could induce IL-1β release to the cellular supernatant ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B). This effect was dose-dependent ([Figure S3D](#notes-1){ref-type="notes"}) and required cellular uptake, as demonstrated by a decrease in IL-1β release in cells treated with the cytoskeletal inhibitor, cytochalasin D ([Figure S3E and S3F](#notes-1){ref-type="notes"}).^[@ref34]^ The role of cathepsin B in NLRP3 inflammasome activation was confirmed by using a cathepsin B inhibitor, CA-074-Me, to show the inhibitory effect in IL-1β production ([Figure S3G](#notes-1){ref-type="notes"}). Moreover, we confirmed that active assembly of the NLRP3 inflammasome subunits is required for IL-1β production by using NLRP3- and ASC- gene knockdowns to show the interference in cytokine release in THP-1 cells ([Figure S3H](#notes-1){ref-type="notes"}).

To demonstrate the specific role of REOs in triggering IL-1β release, we compared the effect of 13 transition metal oxides (TMOx) and five post-transition metal oxides (PTMOx) ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B). All the nanoparticles were fully characterized for isoelectric point ([Table S1](#notes-1){ref-type="notes"}), primary and hydrodynamic sizes ([Figure S3A, Table S2](#notes-1){ref-type="notes"}) as well as endotoxin content ([Figure S3B](#notes-1){ref-type="notes"}). We also determined their effects on THP-1 cell viability by using the MTS assay ([Figure S3C](#notes-1){ref-type="notes"}). None of the REOs induced changes in cell viability in spite of the lysosomal damage. As expected, some TMOx nanoparticles (CuO, ZnO, Cr~2~O~3~, CoO, Co~3~O~4~, and Ni~2~O~3~) induced dose-dependent cell death in THP-1 cells, which is consistent with our previous report.^[@ref35]^ Analysis of the cellular supernatants demonstrated that the TMOx or PTMOx particles do not trigger IL-1β release. Those effects involve particle dissolution or redox activity, without any effects on the lysosome or the NRLP3 inflammasome. In addition to effects on IL-1β release, REOs could also initiate PDGF-AA production when a human bronchial epithelial cell line (BEAS-2B) was cocultured with THP-1 cells ([Figure S4](#notes-1){ref-type="notes"}).^[@ref21]^ This is relevant from the perspective of the pulmonary toxicity of LAR materials (*e.g.*, MWCNTs), where afferent triggering of IL-1β production by macrophages initiates a series of events in which downstream PDGF-AA (and TGF-β1) production plays a role as pro-fibrogenic factors leading to lung fibrosis.^[@ref32]^

Lipid Membrane Dephosphorylation as the Key Mechanism of REO-Induced Lysosomal Damage {#sec2.3}
-------------------------------------------------------------------------------------

To explore the mechanism of lysosomal damage, we considered the effect of shape, including whether the needles settling on the particle surface could penetrate the organelle membrane ([Figure S5](#notes-1){ref-type="notes"}). To test this hypothesis, urchin-shaped nanoparticles (prepared in PSF) were used to expose THP-1 cells. However, this did not lead to lysosome damage or IL-1β release in spite of similar levels of cellular uptake ([Figure S6](#notes-1){ref-type="notes"}). This argues against a shape effect only. We therefore explored a second mechanism involving dephosphorylation of critical phospholipids that play a role in the structural integrity of lysosomes. To test this hypothesis, we used propidium iodide (PI) loaded liposomes (made from phosphatidic acid) to assess PI leakage after incubation with selected REO nanoparticles. La~2~O~3~ and Gd~2~O~3~ induced significantly higher levels of PI leakage (∼ 30--35%) compared to control particles (CeO~2~, Bi~2~O~3~ and TiO~2~) (\<8%) ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A). We also assessed the phosphate content of the lysosome remnants, using liquid chromatography coupled to mass spectrometry (LC--MS) ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A). This demonstrated that La~2~O~3~ and Gd~2~O~3~ could induce the dephosphorylation of 2.5% and 1.6% of the phosphatidic acid content, respectively (right-hand panel). These results are in favor of phospholipid dephosphorylation as the principal injury mechanism. In contrast, CeO~2~ induced minimal (0.2%) dephosphorylation while TiO~2~ or Bi~2~O~3~ had no effect on the phosphate content of phospholipids. The ability to damage membranes was also confirmed by studying red blood cells (RBCs). Performance of hemolysis assays^[@ref36]^ in the absence or presence of phosphate demonstrated little or no RBC lysis in the presence of 10 mM phosphate, while all the REOs (except CeO~2~) could lyse up to 22% of the RBCs in the absence of phosphate ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B). This hemolytic effect is dose dependent ([Figure S7](#notes-1){ref-type="notes"}). TiO~2~ and Bi~2~O~3~ did not exert similar effects. These data suggest that REOs damage the lysosomal membrane by stripping the membrane phosphate groups.

![REOs induce membrane damage through phospholipid dephosphorylation. (A) Liposome damage induced by REOs. A total of 100 μg/mL nanoparticles was incubated with 1 mg/mL propidium iodide (PI) loaded liposomes in saline buffer (pH 7.0) at 37 °C for 3 h. After centrifugation, PI fluorescence in the supernatant was measured. The pelleted phospholipids were used for phosphate analysis by LC--MS. (B) Hemolysis induced by REOs. Freshly prepared mouse red blood cells were incubated with 100 μg/mL nanoparticles in saline with or without phosphate at 37 °C for 3 h, followed by centrifugation at 2000 rpm for 5 min. The supernatants were collected and hemoglobin content was determined by measuring absorbance at 540 nm using a UV--vis spectrometer. \**p* \< 0.05 compared to control or samples in saline without phosphate; \#*p* \< 0.05 compared to CeO~2~, TiO~2~ and Bi~2~O~3~.](nn-2013-06166n_0003){#fig3}

*In Vivo* Transformation of REOs Leads to Pulmonary Fibrosis in Mice {#sec2.4}
--------------------------------------------------------------------

To explore the impact of La~2~O~3~ nanoparticles on pulmonary alveolar macrophages *in vivo*, we used oropharyngeal nanoparticle aspiration, followed by the recovery of primary alveolar macrophages from the bronchoalveolar lavage fluid (BALF) 40 h later. TEM analysis demonstrated particle uptake in membrane-lined vacuoles, which, upon EDX analysis, showed the presence of LaPO~4~ in needle-shaped particles ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A). In contrast, there was no significant morphological change in TiO~2~ nanoparticles, which do not biotransform in the presence of phosphate. We also demonstrated that while REOs induce lysosomal damage and cathepsin B release in alveolar macrophages, TiO~2~ nanoparticles did not exert a similar effect ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B). These results show that phosphate-mediated biotransformation is responsible for lysosomal damage in alveolar macrophages in the intact lung.

###### 

Cellular uptake and biotransformation of REOs in primary alveolar macrophages as well as pulmonary inflammation and fibrosis induced by REOs in mouse lungs. (A) Cellular uptake and biotransformation of REO nanoparticles in primary alveolar macrophages lavaged from the mouse lung after exposure of La~2~O~3~ or TiO~2~ at 2 mg/kg for 40 h (asterisk (\*) denotes background elements in the EDX spectra). (B) Lysosomal damage and cathepsin B release in primary alveolar macrophages induced by nanoparticles. The cell staining procedure is similar to [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B. (C) Pro-fibrogenic cytokine production in bronchoalveolar lavage fluid (BALF) and quantification of total collagen deposition in the lung from mice exposed to the nanoparticles at 2 mg/kg for 21 days. (D) Trichrome staining of lung tissues to show the extent of lung fibrosis. \**p* \< 0.05 compared to untreated animals.
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![](nn-2013-06166n_0005)

In a subsequent experiment looking at the effect on the whole lung, we used a subchronic lung injury model to study the effect of oropharyngeal instilled nanoparticles on fibrosis. These studies were performed with a particle dose of 2 mg/kg, which has previously been determined to fall on the linear part of the dose--response curve for pulmonary exposure to metal oxide nanoparticles.^[@ref21],[@ref29]^ Considering the real life exposure scenarios in the workplace,^[@ref37],[@ref38]^ the airborne level of nanoparticles could be ∼300--1100 μg/m^3^. A worker, exposed to 400 μg/m^3^ nanoparticles for 8 h/day over a five-month time period for a working lifetime, could exhibit a lung burden similar to 2 mg/kg bolus exposure in the mouse.^[@ref21]^

Mice exposed to Gd~2~O~3~, La~2~O~3~, Er~2~O~3~, Yb~2~O~3~ and TiO~2~ nanoparticles were sacrificed after 21 days to examine the BALF and collect lung tissue. While there was a significant increase in macrophage numbers in the BALF of animals treated with REO nanoparticles, neutrophil counts remained at background levels ([Figure S8A](#notes-1){ref-type="notes"}). Hematoxylin and eosin (H&E) staining also did not show significant histological changes ([Figure S8B](#notes-1){ref-type="notes"}). However, the BALF from animals exposed to REO nanoparticles showed significant increases in IL-1β, TGF-β1 and PDGF-AA levels ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C). Moreover, the Sircol assay showed that the presence of these pro-fibrogenic factors is accompanied by increased total lung collagen content, which was further confirmed by collagen deposition around small airways in Trichrome stained lung sections ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}D). Similar effects were not observed in animals exposed to TiO~2~ nanoparticles. Taken together, these results show that intrapulmonary transformation of REOs, similar to *in vitro* responses, is associated with adverse biological effects that culminate in pulmonary fibrosis. These experimental findings are in agreement with the pathological findings in rare earth pneumoconiosis.^[@ref39]−[@ref41]^

Phosphate Coating at Neutral pH as a Safer Design for REO Particles {#sec2.5}
-------------------------------------------------------------------

Since the particle dissolution and high binding affinity of RE ions (III) to bystander phosphate groups appear to be critical for the hazard-associated biotransformation, we asked whether prior complexation of REO nanoparticles with phosphate under neutral or physiological pH conditions will slow down or eliminate the material bioreactivity that leads to *in vitro* and *in vivo* toxicity. As-received La~2~O~3~ nanoparticles were suspended at 50 μg/mL in a 10 mM phosphate buffer solution (pH 7.4) at 37 °C for 24 h. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A shows that prior phosphate complexing at pH 7.4 did not significantly change particle morphology (TEM). Moreover, XRD analysis also did not show a change in the crystallinity. When exposed to PSF, the phosphate-coated La~2~O~3~ (PO~4~--La~2~O~3~) did not transform into urchin-shaped structures and preserved a La~2~O~3~ crystal structure. Moreover, PO~4~-REO and REO nanoparticles showed similar cellular uptake by ICP-OES analysis, suggesting phosphate coating did not affect cellular internalization ([Figure S9](#notes-1){ref-type="notes"}). However, prior phosphate coating effectively interfered in the hemolytic potential of La~2~O~3~ and Gd~2~O~3~ nanoparticles ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B). The phosphate-coated particles also induced significantly less IL-1β release in THP-1 cells ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C) and prevented collagen deposition in the lung after three weeks ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}D). Moreover, the production of the pro-fibrogenic growth factors, TGF-β1 and PDGF-AA, were significantly decreased in the BALF of mice receiving precoated particles ([Figure S10](#notes-1){ref-type="notes"}).

![Prevention of REO toxicological effects by prior complexation to phosphate at pH 7.4. (A) Morphological and crystallinity changes of La~2~O~3~ nanoparticles in water and PSF with or without prior phosphate coating. Phosphate coated-REOs were prepared by treating 50 μg/mL REO nanoparticles in 10 mM phosphate buffer (pH 7.4) at 37 °C for 24 h. (B) Comparison of the % hemolysis induced by as-received and PO~4~-coated La~2~O~3~ nanoparticles. Freshly prepared mouse red blood cell suspensions were incubated with 100 μg/mL REOs with or without phosphate coating at 37 °C for 3 h. The hemolysis was determined as described in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B. (C) Cathepsin B release and IL-1β production in THP-1 cells after exposure to 50 μg/mL REOs or PO~4~-coated REOs at 37 °C for 6 h. (D) Comparison of collagen content in animal lung exposed to coated and uncoated nanoparticles. \**p* \< 0.05 compared to untreated THP-1 cells; \#*p* \< 0.05 compared to uncoated REOs.](nn-2013-06166n_0006){#fig5}

Summary and Conclusion {#sec3}
======================

All considered, we have elucidated a unique mechanism of REO hazard generation in cells and animals, which is of direct relevance to humans ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). Macrophage uptake and lysosomal processing of REO nanoparticles lead to enhanced, pH-dependent particle dissolution. The released RE ions (III) are rapidly bound by bystander phosphates resulting in the crystallization of REPO~4~ deposits on the particle surfaces. This leads to morphological transformation to urchin-shaped or mesh-like structures depending on the REO species. Once the free lysosomal phosphates are depleted, the released RE ions are capable of stripping lysosomal membrane phosphate groups, leading to organelle damage, cathepsin B release, NLRP3 inflammasome activation and IL-1β release from the macrophages. IL-1β participates in a progressive march of events that include the production of pro-fibrogenic growth factors by epithelial cells, ultimately culminating in pulmonary fibrosis. These findings could explain the development of pneumoconiosis in occupational settings and may also be involved in the pathogenesis of NSF by Gd-containing MRI contrast agents. We demonstrate that prior phosphate coating at a neutral pH constitutes a simple, yet effective way to decrease the hazard potential of REOs. In summary, we have developed a predictive toxicological approach for expedited safety assessment and reducing the toxicity of REO nanoparticles. Improving the safety of REO and upconversion nanoparticles could be of great significance in the development of biological application of these materials.

![Schematic to explain the cellular mechanisms leading to the pro-fibrogenic effects of REOs. Following the internalization of REOs by macrophages and lysosomal biotransformation, damage to the organelle leads to IL-1β production and triggering of events culminating in pulmonary fibrosis. The inserted panel at the bottom shows that the molecular mechanism of lysosomal damage is phospholipid dephosphorylation and nucleation of REPO~4~ on the nanoparticle surface. The particles are morphologically transformed to sea urchin structure in the process.](nn-2013-06166n_0007){#fig6}

Experimental Section {#sec4}
====================

Transformation of REOs in PSF {#sec4.1}
-----------------------------

Nanoparticles were dissolved in 10 mL PSF buffer (142 mg/L Na~2~HPO~4~, 6.65 g/L NaCl, 62 mg/L Na~2~SO~4~, 29 mg/L CaCl~2~·H~2~O, 250 mg/L glycine, 8.09 g/L potassium phthalate, pH 4.5) at concentration of 50 μg/mL, and sonicated at 32 W for 15 s. Following incubation at 37 °C for 24 h, the nanoparticle suspensions were centrifuged at 15 000 rpm for 10 min. The pellets were collected, thoroughly washed with DI H~2~O and dried at a room temperature for further use. The composition and morphology of PSF-treated nanoparticles were characterized by ICP-OES (ICPE-9000, SHIMADZU, Japan), XRD (Panalytical X'Pert Pro diffractometer, Cu Kα radiation) and TEM (JEOL 1200 EX, accelerating voltage 80 kV).

NLRP3 Inflammasome Activation and IL-1β Production {#sec4.2}
--------------------------------------------------

IL-1β production was detected in the culture media of THP-1 cells using a human IL-1β ELISA Kit (BD; San Jose, CA, USA). Briefly, aliquots of 5 × 10^4^ wild type, NLRP3^--/--^ or ASC^--/--^ THP-1 cells were seeded in 0.1 mL complete medium and primed with 1 μg/mL phorbol 12-myristate acetate (PMA) overnight in 96-well plates (Corning; Corning, NY, USA). Cells were treated with the desired concentration of the particle suspensions made up in complete RPMI 1640 medium, supplemented with 10% fetal bovine serum and 10 ng/mL lipopolysaccharide (LPS). The suspensions were sonicated with a sonication probe (Sonics & Materials) at 32 W for 15 s before adding to the cells.

Lysosomal Damage and Cathepsin B Release {#sec4.3}
----------------------------------------

THP-1 cells treated with 50 μg/mL nanoparticles in c-RPMI 1640 for 6 h or primary alveolar macrophages from the BALF of animals receiving 2 mg/kg nanoparticles for 40 h were washed with PBS, stained with Magic Red (ImmunoChemistry Technologies) for 1 h, and fixed in 4% paraformaldehyde for 20 min. Following another wash in PBS, cell membranes and nuclei were stained with Alexa Fluor 488-conjugated wheat germ agglutinin (WGA) and Hoechst 33342, respectively, at room temperature for 1 h. The cells were visualized under a confocal microscope (Leica Confocal SP2 1P/FCS). High magnification images were obtained under the 63× objective.

Assessment of Liposome Lysis {#sec4.4}
----------------------------

Propidium iodide (PI) loaded liposomes were synthesized according to a standardized method.^[@ref37]^ The full method of liposome synthesis is provided in [Supporting Information](#notes-1){ref-type="notes"} (S-1). The prepared PI loaded liposomes were suspended in saline buffer at 1 mg/mL to yield a PI loaded liposome suspension. A volume of 490 μL of this suspension was mixed with 10 μL of nanoparticles (5 mg/mL), DI H~2~O or Triton X-100 and incubated at 37 °C for 3 h. The mixture was centrifuged at 100 000 rpm for 30 min, and PI fluorescence in the supernatants was monitored in a SpectraMax M5 microplate spectrophotometer at excitation and emission wavelength of 520 and 580 nm, respectively. The % liposome leakage was calculated by dividing the difference between the absorption of each sample and the negative control by the difference in absorption between the positive and negative controls. Pellets remaining after nanoparticle exposure were extracted by adding 250 μL CHCl~3~ for LC--MS analysis to calculate the % dephosphorylated phosphatidic acid. For more elaboration of LC--MS analytical methods, please also see the [Supporting Information](#notes-1){ref-type="notes"} (S-2).

Hemolysis Assay {#sec4.5}
---------------

Mouse blood was washed with saline, following which the RBCs were diluted to 1 × 10^8^ cell/mL in saline or saline plus 10 mM phosphate. Subsequently, 490 μL of a diluted RBC suspension was mixed with 10 μL of nanoparticles (5 mg/mL), DI H~2~O (negative control) or 0.25% Triton X-100 (positive control). The mixtures were gently stirred and incubated for 3 h at 37 °C. The samples were centrifuged, and the absorbance of the supernatants was measured at 541 nm in a SpectraMax M5 microplate spectrophotometer. The percent hemolysis in each sample was calculated as previously described.^[@ref36]^

Lung Inflammation and Fibrosis in Mice {#sec4.6}
--------------------------------------

Mice were exposed to nanoparticle suspensions using oropharyngeal aspiration at 2 mg/kg. A more detailed description is provided in [Supporting Information](#notes-1){ref-type="notes"} (S-3).

Statistical Methods {#sec4.7}
-------------------

Results were statistically analyzed using one-way ANOVA or Student *t* test. The difference is regarded statistically significant if the *p* value is less than 0.05. Data are reported as the mean ± standard deviation from at least three separate experiments.
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Detailed methods, characterization of metal oxide nanoparticles, acute cytoxicity of metal oxides, IL-1β production, transformation of REOs, dissolution by ICP-OES, PDGF-AA production, cellular uptake by ICP-OES, neutrophil count, H&E staining and cytokine production in animal lungs. This material is available free of charge *via* the Internet at <http://pubs.acs.org>.
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